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3D ReconstructionThe ﬂagellar cytoskeleton of Leishmania promastigotes contains the canonical 9+2 microtubular axoneme
and a ﬁlamentous structure, the paraﬂagellar rod (PFR), which is present alongside the axoneme. In con-
trast to promastigotes, which contain a long and motile ﬂagellum, the amastigote form of Leishmania dis-
plays a short ﬂagellum without a PFR that is limited to the ﬂagellar pocket domain. Here, we investigated
the biogenesis of the Leishmania ﬂagellum at 0, 4, 6 and 24 h of differentiation. Light and electron micros-
copy observations of the early stages of L. amazonensis differentiation showed that the intermediate
forms presented a short and wider ﬂagellum that did not contain a PFR and presented reduced motion.
3D-reconstruction analysis of electron tomograms revealed the presence of vesicles and electron-dense
aggregates at the tip of the short ﬂagellum. In the course of differentiation, cells were able to adhere
and proliferate with a doubling time of about 6 h. The new ﬂagellum emerged from the ﬂagellar pocket
around 4 h after initiation of cell cycle. Close contact between the ﬂagellar membrane and the ﬂagellar
pocket membrane was evident in the intermediate forms. At a later stage of differentiation, intermediate
cells exhibited a longer ﬂagellum (shorter than in promastigotes) that contained a PFR and electron dense
aggregates in the ﬂagellar matrix. In some cells, PFR proﬁles were observed inside the ﬂagellar pocket.
Taken together, these data contribute to the understanding of ﬂagellum biogenesis and organisation dur-
ing L. amazonensis differentiation.
 2013 Elsevier Inc. All rights reserved.1. Introduction
Leishmania parasites are ﬂagellated protozoa that cause leish-
maniasis in humans, a disease that comprises a wide spectrum of
species-speciﬁc clinical manifestations (Bañuls et al., 2011). During
the course of infection, the parasite presents two distinct develop-
mental stages: the ﬂagellated promastigote, adapted to the extra-
cellular milieu within the lumen of the sandﬂy vector’s gut, and
the intracellular amastigote, which is specialised for intracellular
survival within mammalian host cells (Bates and Rogers 2004; Zil-
berstein, 2008).
Leishmania promastigote forms are spindle-shaped cells that
present a single ﬂagellum that emerges from a specialised invagi-nation of the plasma membrane, known as the ﬂagellar pocket
(Landfear and Ignatushchenko, 2001). The ﬂagellar cytoskeleton
of promastigote forms is formed by a canonical 9+2 microtubular
axoneme that is assembled on a basal body (Gluenz et al., 2010a;
Gull, 1999). In addition, a ﬁlamentous structure called paraﬂagellar
rod (PFR) is present and runs parallel to the axoneme (Portman and
Gull, 2010). The PFR of trypanosomatids is a stable lattice-like
structure organised into three distinct domains: proximal, inter-
mediate and distal (Farina et al., 1986; Maga and LeBowitz,
1999; Portman and Gull, 2010). The proximal domain is attached
to the axoneme via physical connections to microtubule doublets
4–7 (Farina et al., 1986). The PFR is formed by two major proteins,
PFR1 and PFR2, and several minor proteins (Maga et al., 1999;
Moreira-Leite et al., 1999; Portman and Gull, 2010). Gene knockout
and gene silencing through the RNAi of PFR components, as well as
morphological studies, have suggested that the PFR plays some
function in ﬂagellar motility (Bastin et al., 1998; Rocha et al.,
2010; Santrich et al., 1997). In addition, the ﬂagellum of trypanoso-
matids appears to be involved in other functions, such as cell adhe-
sion, division and morphogenesis (Absalon et al., 2008a; Kohl et al.,
2003).
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display a spherical/oval body shape with a short ﬂagellum which
extends from the basal body to the opening of the ﬂagellar pocket
(Alexander, 1978; Hentzer and Kobayasi, 1977; Simpson et al.,
1982). As observed previously in Leishmania species (Alexander,
1978; Hentzer and Kobayasi, 1977; Gluenz et al., 2010b), the 9+2
microtubular pattern of amastigote ﬂagellum is presented for only
a short distance beyond of the transitional zone. More distally, the
two central microtubules are absent and thereafter one or two out-
er doublets tend to occupy a more central position into the axo-
neme core (Alexander, 1978; Hentzer and Kobayasi, 1977;
Gluenz et al., 2010b). The PFR is absent in the amastigote ﬂagellum
of Leishmania and other trypanosomatids (Gull, 1999; Gluenz et al.,
2010b). Although the amastigote ﬂagellum is apparently non-
motile, it may be involved with sensory perception and cellular
organisation (Gluenz et al., 2010a,b).
The differentiation process from amastigote to promastigote is
characterised by modiﬁcations in organelles, cell shape and size.
One of the striking features during the differentiation process is ﬂa-
gellar growth. Observations in several organisms have demon-
strated that ﬂagellar assembly and maintenance are dynamic
processes that involve the importing and recycling of axonemal,
matrix and membrane proteins (Rosenbaum and Witman, 2002;
Sloboda and Rosenbaum, 2007; Snell et al., 2004). Previous studies
have demonstrated the participation of intraﬂagellar transport
(IFT) particles in the transport of ﬂagellar precursors to the distal
tip of the ﬂagellum in Trypanosoma brucei (Absalon et al., 2008b)
and Chlamydomonas (Dentler 2005; Kozminski et al., 1993, 1995).
IFT is a motility process that occurs between the ﬂagellar mem-
brane and axoneme and involves bidirectional movements of par-
ticles along the ﬂagellum by molecular motors (Kozminski et al.,
1993, 1995; Pigino et al., 2009; Rosenbaum and Witman, 2002).
As observed by transmission electron microscopy, this transport
has been characterised as electron dense units present between tu-
bule B of the outer doublet microtubules and the ﬂagellar mem-
brane (Kozminski et al., 1993, 1995; Pigino et al., 2009). In T.
brucei, gene silencing through RNAi demonstrated that individual
IFT genes are essential for the construction of new ﬂagella,
although the old ﬂagellum remained present (Absalon et al.,
2008a,b). In addition to the axoneme and PFR components, a signif-
icant amount of membrane is required for the construction of the
ﬂagellum. In Leishmania, some proteins involved in membrane
transport have been described to have a functional role in the reg-
ulation of ﬂagellum assembly (Cuvillier et al., 2000; Tull et al.,
2010; Vince et al., 2008). In addition to the participation of IFT,
other mechanisms are also involved in ﬂagellum growth, such as
actin dynamic (Tammana et al., 2008) and endocytic membrane
trafﬁc (Vince et al., 2008). In this context, a few studies have shown
the biogenesis of the ﬂagellum during the differentiation of intra-
cellular forms into extracellular forms, in which cells containing
a very short ﬂagellum are converted in cells bearing a long ﬂagel-
lum (Fong and Chang, 1981; Gluenz et al., 2010a; Tull et al., 2010).
In the present study, we investigated the biogenesis of the ﬂa-
gellum of Leishmania amazonensis during the differentiation from
the amastigote to promastigote forms. The results demonstrated
that in the early stages of differentiation, cells had a short and
wider ﬂagellum, which did not contain a PFR and showed reduced
motility. The tip of the short ﬂagellum was ﬁlled with vesicles and
electron-dense aggregates, both structures not yet characterised.
These cells were able to adhere to the substrate via ﬂagellar
membrane expansions. In the later stage of differentiation, cells
presented a longer ﬂagellum (although shorter than in promastig-
otes) that contains a PFR, which could be observed inside the
ﬂagellar pocket. Although ﬂagellar motility has been observed,
ﬂagellum of the late intermediate forms was not capable of pro-
moting swimming propulsion. During the differentiation process,these cells were still able to proliferate indicating that cell division
occurred concomitant with differentiation. Altogether, these re-
sults contribute to the understanding of the morphologic and
structural changes that occur during Leishmania differentiation,
especially regarding to the ﬂagellum elongation.2. Materials and methods
2.1. Promastigotes
The MHOM/BR/75/Josefa strain of L. amazonensis, which was
isolated from a patient with diffuse cutaneous leishmaniasis by
C.A. Cuba-Cuba (Universidade de Brasilia, Brazil), was used in the
present study. The strain was maintained by mouse footpad inoc-
ulation and, in the case of promastigote forms, axenically cultured
in Warren’s medium (brain heart infusion plus hemin and folic
acid) supplemented with 10% foetal bovine serum at 25 C
(Warren, 1960). The promastigotes were maintained in axenic
culture for no more than seven passages.
2.2. Amastigotes
Infective promastigotes were used to obtain intracellular
amastigotes in macrophage cultures. Mus musculus macrophages
(RAW 264.7 line) were grown in RPMI medium supplemented with
10% foetal bovine serum and 2 mM L-glutamine in an atmosphere
of 5% CO2 at 37 C. For promastigote to amastigote differentiation,
L. amazonensis promastigotes were centrifuged at 700g for
10 min, and the pellet was resuspended in RPMI medium. An ali-
quot was counted using a haemocytometer, and the volume was
adjusted to achieve a parasite-macrophage ratio of 5:1 (1  107 -
parasite/ml). Infected cultures were subsequently incubated at
35 C for 24 h. For the isolation of amastigotes, a protocol modiﬁed
from Saraiva et al. (1983) was used. The infected macrophages
were scrapped with a rubber policeman, passed ﬁve times through
a 27-gauge, 1.25 cm needle and centrifuged at 150g for 5 min.
The amastigotes were obtained after centrifugation of supernatant
at 700g for 15 min.
2.3. Amastigote to promastigote differentiation
Washed amastigotes (2  107 cells/ml) were incubated at 25 C
in Warren’s medium, pH 7.0, supplemented with 10% foetal bovine
serum. At several time points (0, 4, 6 and 24 h), cells were har-
vested for experimentation. Amastigotes isolated from mouse le-
sions, as previously described by Saraiva et al. (1983), were also
harvested and used for the differentiation process as a control.
To follow cell proliferation, parasites were seeded at 1  106
cells/ml in Warren’s medium and total cell number/ml at different
time points of differentiation was evaluated using a haemocytom-
eter. A growth curve was constructed and the doubling time of the
population calculated.
2.4. Light microscopy
The cell morphology was monitored during the differentiation
process by bright ﬁeld microscopy of cells ﬁxed in 4% freshly pre-
pared formaldehyde in phosphate-buffered saline (PBS, pH 7.2)
and stained with Giemsa for 15 min.
For video microscopy, a drop of cell suspension in culture med-
ium was placed onto a slide and gently covered with a coverslip.
Samples at different time points of differentiation were examined
with Zeiss Axioplan light microscope using differential interference
contrast (DIC) and 63 or 100 objectives, under ambient condi-
tions. Images were collected with an Olympus 30 camera driven
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Animation Shop software.
2.5. Immunoﬂuorescence microscopy
Samples at different time points were settled onto poly-L-ly-
sine-coated coverslips and ﬁxed/permeabilised with acetone at
20 C for 10 min. The material was then washed in PBS, and
non-speciﬁc antigen binding sites were blocked with 3% BSA in
PBS, pH 8.0, for 1 h at room temperature. The cells were incubated
for 1 h at room temperature with anti-tubulin antibody (1:5)
(T3526-Sigma) and L13D6 (1:5, a monoclonal antibody reactive
to T. brucei PFR1 and PFR2 – Kohl et al., 1999 – kindly supplied
by Dr. Keith Gull, University of Oxford, UK). After washing, bound
immunoglobulins were detected by incubation with secondary
antibodies diluted 1:400 conjugated with Alexa 488 (Alexa Fluor™
488 goat anti rabbit IgG) and Alexa 546 (Alexa Fluor™ 546 goat anti
mouse IgG). As a control, the primary antibodies were omitted.
Slides were mounted using N-propyl gallate to reduce photoble-
aching, and ﬂuorescence images were obtained using a Zeiss Axio-
plan epiﬂuorescence microscope equipped with a Olympus 30
camera using appropriate ﬁlter sets (kexAlexa488 = 450–490 nm,
kem = 510–560 nm and kexAlexa546 = 510–525 nm, kemAlexa546 =
560–600) and CellP software with 2D deconvolution. To determine
the length of the portion of ﬂagellum outside the ﬂagellar pocket
and the presence of PFR, we have used DIC-microscopy associated
with immunoﬂuorescence microscopy using antibody raised
against PFR components (as described above). Measurements were
performed using the CellP software.
2.6. Scanning electron microscopy
The samples at different time points were ﬁxed for 1 h in a solu-
tion containing 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH
7.2) and post-ﬁxed with 1% osmium tetroxide (OsO4) in 0.1 M
cacodylate buffer for 1 h. The cells were dehydrated in an ethanol
series, critical point dried in a Balzer’s apparatus using CO2,
sputtered with gold and observed in a JEOL 6340 ﬁeld emission
scanning electron microscope or JEOL 6490 LQ scanning electron
microscope.
2.7. Transmission electron microscopy
The specimens at different time points were centrifuged at
700g for 5 min and the cells ﬁxed in a solution containing 2.5%
glutaraldehyde in PHEM buffer [5 mM MgCl2, 70 mM KCl, 20 mM
Hepes, 60 mM Pipes and 10 mM EGTA (Schliwa and van Blerkom,
1981), pH 7.2] for 1 h at room temperature. The samples were then
washed twice in the same buffer and post-ﬁxed in 1% OsO4 supple-
mented with 0.8% potassium ferricyanide. The material was then
dehydrated in an acetone series, embedded in epoxide resin and
sectioned in a Reichert ultramicrotome. Ultrathin sections were
collected in copper grids and stained with 5% aqueous uranyl ace-
tate and lead citrate (Reynolds, 1963) before being observed in a
Zeiss EM 900 transmission electron microscope operating at 80 kV.
2.8. Electron tomography
Electron tomography was performed in sections of chemically
ﬁxed and embedded cells as described above (item 2.7). 200 nm
and 300 nm sections were collected on 200 mesh copper grids or
on Formvar-coated slot copper grids. Samples were post-stained
with 5% uranyl acetate and lead citrate (Reynolds, 1963) and incu-
bated with 10 nm colloidal gold on both sides for 5 min and
washed in distilled water. A 200 kV transmission electron micro-
scope (Tecnai G2, FEI Company) equipped with a 4k  4k CCDcamera (Eagle, FEI Company) was used to record the tomograms.
A tilt series from 65 to +65 with an angular increment of 1
was used for single-axis tomography. Automated data acquisition
in the tilt series was conducted using Xplore 3D (FEI Company).
Alignments were applied using ﬁducial markers and weighted back
projections with the IMOD software package (University of Colo-
rado, USA).
2.9. Modelling and analysis of tomographic data
Single-tilt tomograms were analysed and modelled using the
IMOD software package (University of Colorado, USA). The features
of interest were manually contoured in serial optical slices ex-
tracted from the tomograms. The image slicer window in IMOD
was used to facilitate the recognition of microtubules. In addition,
3D models were displayed and rotated to study its 3D geometry.
2.10. High-pressure freezing and freeze substitution
Cells at different time points of differentiation were centrifuged
at 700g for 5 min and the pellet was inserted by capillarity into
2 mm pieces of 200 lm diameter cellulose capillaries. One end of
the capillary was closed using tweezers. Four capillaries were
mounted between two types of carriers (type A and B) so that
the cells were protected in a 200 lm cavity on one carrier. The cav-
ities were ﬁlled with hexadecane to avoid air between the capillar-
ies. The sandwiched samples were mounted in the high-pressure
freezing holder and frozen using a Bal-Tec HPM 010 high-pressure
freezing machine (Bal-Tec, Corp., Liechtenstein). After freezing, the
samples were stored in liquid nitrogen for freeze substitution.
The samples were carefully removed from liquid nitrogen, im-
mersed in the substitution medium consisting of 2% OsO4, 0.1%
glutaraldehyde and 1% water in acetone, and then pre-cooled to
90 C using a Leica EMP apparatus. The samples were maintained
at 80 C for 72 h, at 20 C for 15 h and then 4 C for 2 h. After
substitution, the samples were washed three times with room
temperature acetone and stepwise embedded in epoxy resin that
was polymerised at 60 C for 72 h. Next, 70 nm sections were ob-
tained, collected in 300-mesh copper grids and post-stained with
uranyl acetate and lead citrate for conventional observation in a
Zeiss 900 transmission electron microscope operating at 80 kV.
2.11. Cytochemistry
The detection of basic proteins was conducted as previously de-
scribed (Souto-Padrón and de Souza, 1979). Brieﬂy, the cells at dif-
ferent time points were ﬁxed in 2.5% glutaraldehyde in 0.1 M
phosphate buffer, pH 7.2, for 1 h, dehydrated in ethanol, and incu-
bated for 120 min at room temperature in 2% phosphotungstic acid
in 100% absolute ethanol. The samples were then washed in etha-
nol, embedded in epoxy resin, and ultrathin sections were ob-
served unstained in a Zeiss EM 900 transmission electron
microscopy.
2.12. Freeze-fracture replicas
The cells at different time points were brieﬂy ﬁxed in 2.5% glu-
taraldehyde in 0.1 M cacodylate buffer, pH 7.2, for 1 h. After ﬁxa-
tion, they were washed twice in buffer and gradually
impregnated during 30 min with glycerol in cacodylate buffer up
to 15%, where they were left overnight. The cells were harvested
by centrifugation and impregnated in 30% glycerol in cacodylate
buffer for 3 h. The specimens were mounted on a Balzer’s support
disk and rapidly frozen in Freon 22 cooled by liquid nitrogen. The
fracture was conducted at 115 C in a Balzer’s apparatus. Plati-
num was evaporated onto the specimen at a 45 angle, and carbon
Fig.1. In vitro differentiation of amastigotes into promastigote forms of L. amazon-
ensis. (A) Amastigote forms (black bars) are observed at the beginning of the process
(0 h); intermediate forms (gray bars) are present between 4 and 6 h; promastigote
forms (white bars) are more evident after 24 h. (B) The cell number/ml (106) in the
culture during L. amazonensis differentiation. Notice that the doubling time of the
population was 6 h.
Fig.2. In vitro differentiation of amastigotes into promastigote forms of L. amazon-
ensis. (A) The proportion of cells presenting each different morphological pattern
considering the position of the kinetoplast (K), nucleus (N) and ﬂagellum (F) is
shown. The values are expressed as the mean of three experiments (n = 900 cells).
(B) The graph represents the length of the portion of ﬂagellum outside the ﬂagellar
pocket at 0, 4, 6 and 24 h of differentiation. The values are expressed as the mean of
three experiments (n = 900 cells).
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move the remaining organic material by digestion with sodium
hypochloride, rinsed with distilled water, mounted on 300-mesh
nickel grids and observed in a Zeiss EM 900 transmission electron
microscope.
2.13. Morphometry
Morphometric analyses were performed in thin sections of
chemically ﬁxed and embedded cells collected at different time
points as described above (item 2.7). Images were randomly ac-
quired at 20,000 magniﬁcation in a Zeiss EM 900 transmission
electron microscope with an Olympus Megaview III camera. At
least 30 cell proﬁles were analysed for each experimental condi-
tion. The measurements were conducted using iTEM software
(Olympus). The total area of each organelle in all proﬁles (nucleus,
mitochondria, kinetoplast, lipid bodies, megasomes and mem-
brane-bounded structures containing low density material) was
compared with the total area of the cell, and the results were ex-
pressed as the percentage of the volume of a certain structure in
relation to the total cell volume. These measurements followed
the principle of Delesse’s theorem to estimate the relative volume
of each measured organelle (Delesse, 1847).
2.14. Cell cycle analysis
For the classiﬁcation and quantiﬁcation of morphological pat-
terns (1K1N1F, 1K1N2F, 1K2N2F, 2K2N2F) by using DAPI and
anti-a-tubulin staining (item 2.5), a total of 300 cells were counted
in three independent experiments (n = 3). The period of the cell cy-
cle that a cell takes to reach each pattern was determined based in
the Williams analysis (Williams, 1971):
x ¼ t ln 1
1
2 y
 
lnð2Þ
where x is the cumulative time within the cycle required to reach
the end of a morphological stage, y is the cumulative percentage
of cells up to and including the stage of the cell cycle and t is the
doubling time of the population (Wheeler et al., 2011).
3. Results
In vitro amastigote to promastigote differentiation of L. amazon-
ensis was performed by cultivation of the amastigote, previously
isolated from infected macrophage, in Warren’s medium at 25 C.
To investigate the biogenesis of the ﬂagellum during this process,
cell aliquots were collected at 0, 4, 6 and 24 h of differentiation.
At 0 h, the amastigote forms predominated in the culture, repre-
senting 90% of cells, whereas the presence of promastigote forms
was evident at 24 h of differentiation (Fig. 1A). The intermediate
forms, identiﬁed as cells with a short, externalised ﬂagellum and
oval/fusiform body shape, were observed between 4 and 6 h of dif-
ferentiation, representing approximately 80% of cells in the culture
(Fig. 1A). Interestingly, it was also observed that the total cell pop-
ulation increased during the differentiation process, with a dou-
bling time of about 6 h (Fig. 1B). We determined the proportion
of cells in the population exhibiting 1K1N1F, 1K1N2F, 1K2N2F
and 2K2N2F patterns (Fig. 2A). From these experiments and based
on Williams cell cycle analysis (Williams, 1971), we found that ﬂa-
gellum emerged from the ﬂagellar pocket at 4.1 h, DNA segregation
during mitosis occurred at 5.3 h and kinetoplast division at 5.6 h.
To determine the length of the portion of ﬂagellum outside the
ﬂagellar pocket and the distribution of the ﬂagellar components,
DIC-microscopy associated with immunoﬂuorescence using anti-
bodies raised against tubulin and PFR components were performed
Fig.3. Intracellular localisation of tubulin (green) and paraﬂagellar rod (red) in L. amazonensis during differentiation. Tubulin is concentrated in the anterior region
corresponding to the basal body (arrowheads) as well as the ﬂagellum axoneme (small arrows) and the whole cell body of amastigotes at 0 h (A), early intermediate forms at
4 h (B), late intermediate forms at 6 h (C) and promastigotes at 24 h (D). Localisation of the PFR is observed along the ﬂagellum (arrows) of the late intermediate at 6 h (C) and
promastigote forms (D). (For interpretation of color in ﬁgure legend, the reader is referred to the web version of this article.)
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anterior region of the parasite, corresponding to the basal body and
ﬂagellum, and the whole cell body of the amastigote (Fig. 3A),
intermediate (Fig. 3B and C) and promastigote forms (Fig. 3D), in
all time periods analysed. To label PFR, we have used L13D6, a T.
brucei monoclonal anti-PFR1 and anti-PFR2 antibody. These pro-
teins were not detected in amastigotes (Fig. 3A) and early interme-
diate forms (4 h – Fig. 3B) which presented a short ﬂagellum with
0.83 lm in length (Fig. 2B). PFR1 and PFR2 were recognised in the
ﬂagella of 44% of cells after 6 h of differentiation (Fig. 3C). At this
time, the average ﬂagellum length was 2 lm (Fig. 2B). At 24 h,
the ﬂagellum length was 8 lm (Fig. 2B) and the labelling for
PFR1 and PFR2 was evident in the ﬂagellum of 90% of cells
(Fig. 3D).
As the PFR associated to the axoneme appears to be involved in
cell motility in other trypanosomatids, we investigated the motility
of cells during differentiation using video-microscopy. The results
indicated that the amastigote motility was very low or not de-
tected at 0 h (Fig. 4A; Video 1). In the early intermediate forms
(4 h), the presence of a short ﬂagellum with reduced motion was
registered (Fig. 4B and C; Videos 2 and 3). The observed motility
did not follow a characteristic ﬂagellar beating pattern. Analysis
by scanning electron microscopy showed that, when compared to
amastigotes (Fig. 5A), the early intermediate forms presented an
elongated cell body and a shorter and wider ﬂagellum, measuring
0.51 lm (±0.11; n = 50 cells) in diameter (Fig. 5B and C). The ﬂagel-
lar beating was more noticeable in the late intermediate forms
(6 h) (Fig. 4D; Video 4), which presented the typical externalisedﬂagellum (Fig. 5D). Cell division processes, including ﬂagellum
duplication, were also visualised at 6 h of differentiation (Fig. 4E;
Video 5). Typical promastigotes were observed after 24 h and
showed a characteristic ﬂagellar beating and regular swimming
(Fig. 4F; Video 6). They had a fusiform cell body and a long ﬂagel-
lum with typical diameter of 0.33 lm (±0.07; n = 50 cells) (Fig. 5E).
In addition, the intermediate forms adhered to the substrate (cov-
erslip) between 4 and 6 h of differentiation (Fig. 4D; Video 4). This
adhesion appeared to be mediate by small expansions of the ﬂagel-
lar membrane as observed by scanning electron microscopy
(Fig. 6A and B).
Observations of longitudinal sections by transmission electron
microscopy (Fig. 7A) and electron tomography (Video 7) showed
that the ﬂagellum of the amastigote forms did not present a para-
ﬂagellar rod, conﬁrming the data found by immunoﬂuorescence
microscopy. Interestingly, the constriction of the amastigote ﬂagel-
lum and the disorganisation of the 9+2 pattern of axonemal micro-
tubules, with dislocation of one of the outer pairs towards the
central region of the axoneme, were observed in the opening of
the ﬂagellar pocket (Fig. 8A, Video 7). In the initial stages of the dif-
ferentiation process, the early intermediate forms presented an
expansion of the ﬂagellar tip (Fig. 7B and C). In addition, 3D recon-
struction analysis of electron tomography indicated an accumula-
tion of electron-dense aggregates and vesicles that caused an
expansion of the ﬂagellar membrane in this region (Fig. 9A–C, Vi-
deo 8). Small vesicles inside vacuoles were also observed in the
tip of the ﬂagellum (Fig. 9A–C, Video 8). The ﬂagellar pocket of
the early intermediate forms also contained a number of vesicles,
Fig.4. Morphology of L. amazonensis during differentiation of amastigote to promastigote forms. (A) At 0 h, amastigotes have a short ﬂagellum inside the ﬂagellar pocket
(arrow). (B and C) Early intermediate forms are observed at 4 h of differentiation and present a short ﬂagellum (arrows). (D and E) Late intermediate forms are observed at 6 h
of differentiation. Note the elongated cell body and the ﬂagellum externalised from the ﬂagellar pocket (arrows). (E) Cell division was observed in this stage (6 h). (F) After
24 h of differentiation, promastigotes with a long ﬂagellum were observed in the cell culture. Bars: 5 lm (A–F).
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served by electron tomography (Fig. 9A–C, Video 8). At 4 h of dif-
ferentiation, electron-dense particles (Fig. 8B) were observed
between the ﬂagellar membrane and axonemal microtubules. In
cross sections, these particles had a diameter of approximately
23 nm (±10 nm) (n = 130 particles, 50 cells). Dividing cells, identi-
ﬁed by the presence of two ﬂagella inside the ﬂagellar pocket, were
also observed (Fig. 7C). At 6 h of differentiation, the axoneme be-
came more elongated, and the electron-dense aggregates were ob-
served along the length of the ﬂagellum (Fig. 7D). 3D
reconstruction analysis of electron tomograms revealed that theelectron-dense aggregates accumulated between the ﬂagellar
membrane and the microtubule doublets, causing a bulge of the
ﬂagellar membrane of the intermediate forms (Fig. 9D–F, Video
9). The 9+2 arrangement, the PFR and the electron dense aggre-
gates were observed in the distal region of the axoneme of these
cells (Fig. 8C). At 6 h of differentiation, the PFR were also observed
in the ﬂagella still inside the ﬂagellar pocket (Fig. 7E). In the late
stages of differentiation (24 h), the cells showed a typical ﬂagellum
presenting a completely assembled axoneme and paraﬂagellar rod,
as visualised in the longitudinal (Fig. 7F and G) and cross sections
(Fig. 8D). The presence of vesicles and electron-dense material in
Fig.5. Scanning electron microscopy of the differentiation of L. amazonensis. (A) Amastigote forms are visualised at the beginning of the process (t = 0 h) and have an oval
body shape. (B and C) At 4 h of differentiation, early intermediate forms are observed and have an elongated body with an externalised ﬂagellum (arrows). (D) At 6 h of
differentiation, the late intermediate forms are observed with a typical ﬂagellum (arrow). (E) At 24 h of differentiation, the promastigotes have a characteristic fusiform body
with an externalised long ﬂagellum (arrow).
Fig.6. Scanning electron microscopy of the adhesion of intermediate forms of L. amazonensis. (A and B) The expansion of the membrane at the ﬂagellar tip (⁄) is observable
and mediates the adhesion of the ﬂagellum of the early (A) and late (B) intermediate forms to the substrate.
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Fig.7. Transmission electron microscopy of L. amazonensis differentiation (longitu-
dinal sections – 300 cell proﬁles were analysed). (A) Ultrathin section of the
ﬂagellum of an amastigote at 0 h. The PFR is not present in these forms. (B) At 4 h of
differentiation, an accumulation of electron-dense aggregates is observed in the tip
of the ﬂagellum (arrow). (C) The duplication of the ﬂagellum (F) is observed in this
stage, indicating the beginning of cell division. Vesicles inside the ﬂagellar pocket
(arrowhead) and in ﬂagellar tip (v) are observed in these cells. (D) At 6 h of
differentiation, the axoneme becomes more elongated and the electron-dense
aggregates (⁄) are observed along the length of ﬂagellum. (E) In the same period of
time, the PFR is observed inside the ﬂagellar pocket of some cells. (F and G) At 24 h
of differentiation, the ﬂagellum presented an assembled axoneme and paraﬂagellar
rod extending from the ﬂagellar pocket (G higher magniﬁcation of H). FPM –
ﬂagellar pocket membrane; FP – ﬂagelar pocket; FM – ﬂagellar membrane; AX –
axoneme; f – ﬂagellum; v – vesicle; PFR – paraﬂagellar rod.
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ing the differentiation of the amastigotes isolated from animal le-
sions into promastigote forms (Supplementary material 1A).Between 4 and 6 h of differentiation, it was possible to observe
the contact between the ﬂagellar membrane and the ﬂagellar pock-
et membrane in intermediate forms (Supplementary material 1B
and C). An electron-dense material was observed underneath the
membranes in this region, both in cells conventionally processed
(Supplementary material 1B) and in cells prepared by high pres-
sure freezing and freeze-substitution (Supplementary material
1C). This led us to speculate if this region could correspond to
the FAZ (ﬂagellar attachment zone) characterised in T. brucei (Ral-
ston et al., 2009; Vaughan et al., 2008) and T. cruzi (Rocha et al.,
2006; Souto-Padrón and de Souza, 1979). As this structure is la-
beled using ethanolic phosphotungstic acid (E-PTA) (Rocha et al.,
2006; Souto-Padrón and de Souza, 1979), which reveals basic pro-
teins, we used this technique to clarify if the contact between ﬂa-
gellar membrane and the ﬂagellar pocket membrane in Leishmania
would be similar to FAZ. The incubation of differentiating cells
with E-PTA resulted in the enhancement of electron-dense materi-
als in the nucleus (Fig. 10A), the periphery of the kinetoplast
(Fig. 10B), the basal body (Fig. 10B) and the region where the ﬂa-
gellum emerges from the ﬂagellar pocket (Fig. 10B–E). The reaction
product was also observed in the ﬂagellar matrix of the intermedi-
ate forms (Fig. 10C and D). No reaction was observed in the PFR
(Fig. 10E). In the cross sections, the reaction product was observed
in all microtubule doublets of the axoneme and in the membrane
domains of the ﬂagellar pocket (Fig. 10F).
For a better observation of the ﬁne structure of the plasma
membrane of the ﬂagellum and cell body, the parasites were stud-
ied using the freeze-fracture technique. Analysis of replicas of
amastigotes indicated that there were fewer intramembranous
particles in the ﬂagellar membrane when compared with the cell
body membrane (Fig. 11A). This pattern was also observed in both
the P- and E-faces of the ﬂagellar membrane of the early interme-
diate forms (Fig. 11B and C). At 6 h of differentiation, clumps of
intramembranous particles were observed in the ﬂagellar mem-
brane, next to the region of ﬂagellum emergence (Fig. 11D). A bulge
of the ﬂagellar membrane was observed in replicas of the interme-
diate forms (Fig. 11E).
To determine the changes that occurred in some organelles dur-
ing the differentiation, morphometric analyses were performed in
at least 30 cell proﬁles of amastigote, intermediate and promasti-
gote forms. The data obtained are summarised in Fig. 12. The rela-
tive volume density of the nucleus, lipid bodies, and membrane-
bounded structures (megasomes for amastigote and intermediate
forms and membrane-bounded structures containing low density
material for promastigotes) decreased during the differentiation
of amastigotes into promastigotes. Only the relative volumetric
density of mitochondrion increased. No signiﬁcant change was ob-
served in the relative volume density occupied by the kinetoplast
DNA network.4. Discussion
Flagellum morphogenesis in trypanosomatids has already been
analysed with the use of dividing or mutant cells as models (Abs-
alon et al., 2008b; Bastin et al., 1999; Kohl et al., 1999; Maga et al.,
1999; Tull et al., 2010; Wiese et al., 2003). During this process, a
signiﬁcant number of IFT particles have been observed in the ﬂa-
gellar matrix that were important for the regulation of the ﬂagellar
length in the examined trypanosomatids (Absalon et al., 2008b;
Gluenz et al., 2010a).
In the present work, we analysed the assembly of the L. amazon-
ensis ﬂagellum during differentiation. The results indicated that
there was a prevalence of a particular cell type according to the
time of differentiation induction, which allowed the assembly of
the structures, such as the ﬂagellum, to be analysed. In the
Fig.8. Transmission electron microscopy of L. amazonensis differentiation (cross sections). (A) The 8+1 arrangement is observed in the distal region of the axoneme of
amastigote forms. (B) Electron dense material (arrows) is observed inside the ﬂagellar matrix of the early intermediate forms (4 h). Notice the 9+2 arrangement in the distal
region of axoneme. (C) Electron-dense aggregates are also observed inside the ﬂagellar matrix (arrowheads) of the late intermediate forms. The PFR is also visualised. (D) An
assembled axoneme and paraﬂagellar rod are observed in the promastigote ﬂagellum. FPM – ﬂagellar pocket membrane; FP – ﬂagellar pocket; FM – ﬂagellar membrane; AX –
axoneme; sf – small ﬁlament connecting PFR and axoneme; PFR – paraﬂagellar rod.
Fig.9. 3D reconstruction of the ﬂagellum of the intermediate forms of L. amazonensis. (A–C) Virtual section (A) and 3D model (200 nm) (B and C) of early intermediate forms
(4 h) showing the vesicles (v) and vesicles inside vacuoles (black arrows) inside the oval ﬂagellum. Notice the electron-dense aggregates (⁄) ﬁlling the ﬂagellar matrix in the
tip of ﬂagellum. (D–F) Virtual section (D) and 3D model (200 nm) (C–E) of late intermediate forms (6 h) showing the electron dense material (arrowheads) between the
ﬂagellar membrane and the microtubule doublets (inset in D). Notice the accumulated material and the membrane expansion (white arrow) along the length of the ﬂagellum.
Colors: brown – ﬂagellar pocket membrane; yellow – Flagellum membrane; green – vesicles inside ﬂagellar tip; blue – vesicles inside vacuoles; pink – vesicles near the
opening of the ﬂagellar pocket; red – electron dense aggregates in the ﬂagellar matrix; orange – axonemal microtubules. Virtual section thickness: 1.37 nm (A) and 1.65 nm
(B). (For interpretation of color in ﬁgure legend, the reader is referred to the web version of this article.)
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Fig.10. Detection of basic proteins using E-PTA cytochemistry. (A and B) Amastigotes presented reaction in the nucleus (n), the periphery of the kinetoplast (k), the basal body
(bb) and at the opening of the ﬂagellar pocket (arrow). (C–E) Staining is also detected inside the ﬂagellar matrix (arrowheads in C and D) of the intermediate forms and in the
region of the contact between the ﬂagellar membrane and the ﬂagellar pocket membrane (arrow in E). No reaction product is observed in paraﬂagellar rod (PFR in E). (F) In
cross section, it is possible to observe the reaction in all peripheral doublet microtubules (mt) of axoneme and in membrane domains (small arrows) of the ﬂagellar pocket.
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characteristics of the amastigote forms such as a round shape and a
short ﬂagellum without the paraﬂagellar rod. In the distal portion,
the ﬂagellum did not display the 9+2 organisation, as a conse-
quence of symmetry break of the peripheral microtubules as de-
scribed in L. mexicana and L. tropica (Alexander, 1978; Hentzer
and Kobayasi, 1977; Gluenz et al., 2010b). The arrangement of
amastigote axoneme is similar to the primary cilia and may have
a functional role in the sensory perception of the environment, as
previously suggested (Gluenz et al., 2010b). Using a video-micros-
copy assay, we were not able to observe the ﬂagellar beating of
amastigotes suggesting that their axonemal structure is not ade-
quate to generate motility.
At 4 h of differentiation, early intermediate forms presented an
elongated shape with a shorter and wider ﬂagellum, with a diam-
eter of 0.51 lm, which did not contain a paraﬂagellar rod and did
not show normal motility. The ﬂagellar membrane presented fewer
intramembranous particles when compared with the cell body
membrane, a pattern that was also observed in Leishmania prom-
astigotes (Benchimol and De Souza 1980; Pimenta and de Souza,
1987) and Trypanosoma epimastigotes (De Souza et al., 1978;
Souto-Padrón et al., 1984). Electron microscopy images revealed
that the tip of the short ﬂagellum was ﬁlled with electron-dense
aggregates and contained few vesicles. Although we do not have
direct evidence, it is likely that these aggregates represent accumu-
lation of IFT particles. A functional correlation between the elec-
tron-dense material at the tip of the ﬂagellum and IFT particles
during ﬂagellum shortening has also been suggested in other cell
types, such as Chlamydomonas (Dentler, 2005; Pigino et al., 2009)and T. brucei (Absalon et al., 2008a,b). IFT particles transport along
the axoneme is an important process, required for the maintenance
of eukaryotic ﬂagella and cilia (Kozminski et al., 1993,1995; Pigino
et al., 2009; Rosenbaum and Witman, 2002). Previous work has
suggested that an electron-dense material located between tubule
B of the outer microtubule doublets and the ﬂagellar membrane of
Chlamydomonas ﬂagella might correspond to IFT particle. Here, the
examination of thin sections of early intermediate forms (4 h) by
electron microscopy showed that the ﬂagellum presented similar
structures in the ﬂagellar matrix. Using electron microscopy, Den-
tler (2005) reported in the Chlamydomonas ﬂagellum the presence
of two classes of IFT particles: large particles of 130–250 nm and
small particles of 10–90 nm. In addition, Pigino et al. (2009) re-
ported the occurrence of two categories of IFT trains: a large train
with mean length of 700 nm (unit periodicity of 40 nm) and a
small train with mean length of 250 nm (unit periodicity of
16 nm). Our results showed that the particle had a mean value
of 23 nm in diameter that would be within the average found in
Chlamydomonas. Based on such similarities, we believe that the
structures observed inside the ﬂagellum of differentiating cells cor-
responds to IFT particles. It is important to point out that intense
labelling of the intraﬂagellar aggregates with E-PTA strongly sug-
gests the presence of basic proteins in these structures.
Unlike axonemal and matrix proteins, that are synthesised in
the cytosol and transported by IFT particles to the ﬂagellum, both
the membrane and ﬂagellar membrane proteins are synthesised in
the endoplasmic reticulum and transported to the base of the ﬂa-
gellar compartment by a vesicle-mediated transport (Rosenbaum
and Witman, 2002). In the present paper, vesicles were observed
Fig.11. Freeze-fracture micrographs of L. amazonensis differentiation. (A–C) The ﬂagellar membrane (⁄) of the amastigote (A) and early intermediate forms (B and C) present
fewer intramembranous particles when compared with the P-face (B) and E-face (C) of the cell body membrane. (D) At 6 h of differentiation, clumps of intramembranous
particles (arrow) are observed in the ﬂagellar membrane, next to the region of emergence of the ﬂagellum from the ﬂagellar pocket of the intermediate forms. (E) Lateral
projections of the ﬂagellar membrane (arrowheads) are observed in the late intermediate forms and promastigotes. FM – ﬂagellar membrane; CBM – cell body membrane.
Fig.12. Morphometric analysis of organelles that change their volume density during the differentiation from the amastigote to promastigote forms of L. amazonensis in cell
culture. Amastigote forms (black bars), intermediate forms (grey bars) and promastigote forms (white bars). The values are expressed as the means ± standard error.
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the biogenesis of the ﬂagellum by insertion or removal of compo-
nents in the ﬂagellum. Vesicles inside the ﬂagellar tip have also
been observed in null mutant parasites of T. brucei, L. major and
L. mexicana that lack ﬂagellar components, where the formation
of such vesicles were associated with the involution of the ﬂagellar
membrane or perturbations in the vesicular-trafﬁcking mechanism
(Absalon et al., 2008a; Tull et al., 2010). We cannot discard a secre-
tory function for these vesicles. The release of vesicles from the ﬂa-
gellar membrane was already described in Leishmania and
Trypanosoma and a correlation with ectosomes/exosomes was
established (Bayer-Santos et al., 2013; Silverman et al., 2008).
During differentiation, the early and late intermediate forms re-
mained adhered to the substrate by ﬂagellar membrane expan-
sions. It has been shown that Leishmania promastigote (Killick-
Kendrick et al., 1988) and Trypanosoma epimastigotes (Kollien
et al., 1998) can adhere via their ﬂagella to the gut of the insect
vector. This attachment is mediated by the tip of the ﬂagellum,
which forms an expanded plate that penetrates into the spaces be-
tween microvilli of the epithelial cells. The cell adhesion could be
important for the amastigote–promastigote differentiation in a
similar fashion to that observed during the differentiation of epim-
astigotes into metacyclic trypomastigotes (Bonaldo et al., 1988).
PFR proteins could only be detected in the ﬂagellum of the late
intermediate forms. PFR proﬁles were observed inside the ﬂagellar
pocket of these cells in contrast with previous data that described
the presence of PFR only outside the ﬂagellar pocket (Bastin et al.,
1999; Kohl et al., 1999). Interestingly, characteristic ﬂagellar beat-
ing was observed at this stage of differentiation, suggesting that
the presence of PFR is required for ﬂagellum motility. Gene knock-
out studies for PFR components (Santrich et al., 1997) and micros-
copy studies using atomic force (Rocha et al., 2010) and cryo-
electron tomography (Koyfman et al., 2011) have demonstrated
that PFR is a dynamic structure that is important for maintaining
the ﬂagellar motility of Leishmania and other trypanosomatids. De-
spite the observed motility, the ﬂagellum of the late intermediate
forms was not capable of promoting swimming propulsion. Flagel-
lar beating may have other functional roles, such as helping cell
division processes that occurred concurrently with cell differentia-
tion. In previous studies, it has been demonstrated that the ﬂagel-
lum participates in the cell division of trypanosomatids and
controls the formation of cytoskeleton structures (Kohl et al.,
2003). In fact, we observed that the cell proliferation also takes
place in the intermediate stages of differentiation. The doubling
time of population was about 6 h, similar to that described for Cri-
thidia deanei (Motta et al., 2010) and L. mexicana (Wheeler et al.,
2011). However, it was different to that reported for promastigote
forms of L. major (Ambit et al., 2011) and epimastigote forms of T.
cruzi (Elias et al., 2007). The ﬂagellum was the ﬁrst structure to be
duplicated, emerging from the ﬂagellar pocket at about 4 h of cell
cycle. Supporting this data, two ﬂagella could already be seen in
the ﬂagellar pocket of early intermediate forms by electron
microscopy.
A close contact between the ﬂagellar membrane and ﬂagellar
pocket membrane was observed during amastigote-promastigote
differentiation. The presence of electron-dense structures and the
detection of basic proteins in this region showed that it presented
similar characteristics to ﬂagellar attachment zone (FAZ) found in
T. brucei (Vaughan et al., 2008) and T.cruzi (de Souza et al., 1978;
Rocha et al., 2006). The specialisation of this region in L. amazonen-
sis has been demonstrated, in which a special arrangement of
intramembranous particles was observed in freeze-fracture repli-
cas of the ﬂagellum of promastigote forms (Benchimol and de Sou-
za, 1980; Pimenta and de Souza, 1987). Similar structures were
also observed in the FAZ of T. cruzi (de Souza et al., 1978; Rocha
et al., 2006). In the present study, clusters of membrane particleswere observed in the ﬂagellar membrane of L. amazonensis,
although they were not concentrated at the ﬂagellar attachment
to the cell body. It is possible that the dispersed protein clusters
represent an intermediate phase of the formation of the junctional
complex between the ﬂagellar and cell body membrane at the ﬂa-
gellum emergence region. In a previous paper (Weise et al., 2000),
intermediate ﬁlaments-like bundles were also observed in the
opening of the ﬂagellar pocket membrane. It is possible that this
region could correspond to a short FAZ and, in the absence of a
structured PFR, this zone could act as a mechanical support along
the ﬂagellar length during differentiation.
Morphometric analysis indicated that during differentiation,
there were changes in the relative volume density of some organ-
elles (Ueda-Nakamura et al., 2001; Alberio et al., 2004). The reduc-
tion in the volume of the nucleus during this process was most
likely due to the increase of the total cell size, whereas the reduc-
tion of the relative volume density of the lipid bodies and the in-
crease of the relative volume density of the mitochondria may be
related to natural metabolic changes that occurred during
differentiation.
In conclusion, our results demonstrated that during amastigote-
promastigote differentiation, L. amazonensis parasites continued to
divide, along with morphological changes. The cells became more
elongated, and the relative volume occupied by most organelles
decreased. In the early stage of differentiation, cells presented a
shorter and wider ﬂagellum that did not contain a PFR and showed
a reduced motility. The tip of the short ﬂagellum was ﬁlled with
vesicles and electron-dense material. In the late stage of this pro-
cess, cells exhibited a longer ﬂagellum (although shorter than in
promastigotes) that contained a PFR and electron dense aggregates
in the ﬂagellar matrix. A close contact between the ﬂagellar mem-
brane and ﬂagellar pocket was observed in the intermediate forms
that appeared to be similar to the FAZ, described in T. cruzi and T.
brucei. Nevertheless, as the events that occur during ﬂagella forma-
tion are highly dynamic, examining such events at high resolution
may provide new insights into ﬂagellar assembly.
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